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FLUID VAPORIZING DEVICE HAVING CONTROLLED 
TEMPERATURE PROFILE HEATER/CAPILLARY TUBE 

BACKGROUND 

[0001] Aerosols are useful in a wide variety of applications. For example, it 

is often desirable to treat respiratory ailments with, or deliver drugs by means of, 
aerosol sprays of finely divided particles of liquid and/or solid, e.g., powder, 
medicaments, etc., which are inhaled into a patient's lungs. Aerosols are also used 
for purposes such as providing desired scents to rooms, distributing insecticides and 
delivering paint and lubricant. 

[0002] Commonly owned U.S. Patent Nos. 5,743,251 and 6,234,167, which 

are hereby incorporated by reference in their entireties, disclose aerosol generators, 
along with certain principles of operation and materials used in an aerosol generator, 
as well as methods of producing an aerosol, and an aerosol. 

SUMMARY 

[0003] A fluid vaporizing device is provided, which is operable to produce 

an aerosol. In a preferred embodiment, the fluid vaporizing device comprises a 
capillary tube including an inlet and an outlet, and being of a material having a first 
resistivity; a first electrode connected to the capillary tube; and a second electrode 
connected to the capillary tube closer to the outlet of the capillary tube than the first 
electrode. The second electrode is preferably of a material having a resistivity 
which is (i) higher than the resistivity of the capillary tube material at ambient 
temperature, and (ii) is substantially constant between ambient temperature and at 
least about 100°C. A preferred material for the second electrode is a nickel-base 
alloy containing 19-21 weight % Cr. 

[0004] Another preferred embodiment of the fluid vaporizing device 

comprises a capillary tube having a resistance Rc; a first electrode connected to the 
capillary tube; and a second electrode connected to the capillary tube closer to the 
outlet of the capillary tube than the first electrode, and the second electrode having a 
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resistance Re. The relationship between Rc and Re is such that the fluid vaporizing 
device has a resistance ratio Rr= Re/Rc, wherein Rr has a preset value 
corresponding to a preset flow rate of liquid through the capillary tube, the 
resistance ratio Rr decreasing as the preset flow rate increases. 
[0005] Another preferred embodiment of the fluid vaporizing device 

comprises a resistively heated capillary tube having a resistance Rc which increases 
as the capillary tube is heated; a first electrode connected to the capillary tube; and a 
second electrode connected to the capillary tube closer to the outlet of the capillary 
tube than the first electrode, the second electrode (including any contact material 
joining the second electrode to the capillary tube) having a resistance Re which 
increases as the second electrode is heated. The vaporized fluid is generated by 
passing electrical current through a section of the capillary tube between the first 
and second electrodes while supplying liquid to the inlet of the capillary tube, the 
liquid being heated in the capillary tube and forming the vaporized fluid downstream 
of a meniscus at which liquid passing through the capillary tube is converted to 
vapor, the fluid vaporizing device having a total hot resistance Rt = Rc + Re 
during delivery of the vaporized fluid, wherein Rt has a preset value effective to 
provide the meniscus in a portion of the capillary tube spaced from the outlet by a 
predetermined distance. 

[0006] A preferred method of manufacturing fluid vaporizing devices 

comprises a) making a first fluid vaporizing device by metallurgically bonding a 
first electrode to a stainless steel capillary tube having a resistance Rcl, 
metallurgically bonding a second electrode to the capillary tube closer to an outlet of 
the capillary tube than the first electrode, the second electrode having a resistance 
Rel (including any contact material joining the second electrode to the capillary 
tube), the first fluid vaporizing device being operable to produce vaporized fluid by 
supplying a liquid to the capillary tube through an inlet thereof, and applying a 
voltage across the first electrode and second electrode to heat the liquid in the 
capillary tube to a sufficient temperature to form a vapor which exits the capillary 
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tube through the outlet, b) making a second fluid vaporizing device by 
metallurgical^ bonding a first electrode to a stainless steel capillary tube having a 
resistance Rc2, metallurgical^ bonding a second electrode to the capillary tube 
closer to an outlet of the capillary tube than the first electrode, the second electrode 
having a resistance Re2 (including any contact material joining the second electrode 
to the capillary tube), the second fluid vaporizing device being operable to produce 
vaporized fluid by supplying a liquid to the capillary tube through an inlet thereof, 
and applying a voltage across the first electrode and second electrode to heat the 
liquid in the capillary tube to a sufficient temperature to form a vapor which exits 
the capillary tube through the outlet, and c) wherein the first and second fluid 
vaporizing devices have a total hot resistance Rt = Rc + Re during delivery of the 
vaporized fluid and a tuning range TR ^ 10 mQ which equals the difference of a 
maximum hot resistance value Rmax and a minimum hot resistance value Rmin at 
which the capillary tube can be heated to produce a desired quality aerosol, the 
tuning range of the second fluid vaporizing device at least partially overlapping the 
tuning range of the first fluid vaporizing device, and the first and second fluid 
vaporizing devices having capillary tubes and/or second electrodes which are not 
identical in size, the first and second fluid vaporizing devices having the same target 
resistance during operation thereof and the target resistance being within the tuning 
ranges of the first and second fluid vaporizing devices. 

RttTFF DESCRIPTION OF THE DRAWINGS 
[0007] FIG. 1 illustrates a fluid vaporizing device according to an 

embodiment of the invention. 

[0008] FIG. 2 is a schematic representation of a heated capillary tube 

according to an embodiment of the invention. 

[0009] FIG. 3 illustrates wall temperature profiles for a comparative heated 

capillary tube and a heated capillary tube according to the present invention. 
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[0010] FIG. 4 shows the relationship between the applied power to the fluid 

vaporizing device and the resistance target. 

[0011] FIG. 5 shows a relationship between tuning range and length for 

capillary tubes having different internal diameters. 

[0012] FIG. 6 shows a relationship between tuning range and length for 

capillary tubes having different internal diameters, at different liquid flow rates 
through the capillary tube. 

[0013] FIG. 7 shows a relationship between meniscus location and resistance 

target for a capillary tube having a length of 35 mm. 

[0014] FIG. 8 shows a relationship between meniscus location and resistance 

target for a capillary tube having a length of 44 mm. 

[0015] FIG. 9 shows a relationship between temperature of the tip of a 

capillary tube and the resistance target. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0016] The invention provides a fluid vaporizing device useful for 

applications including aerosol generation. The device includes a heater/capillary 
tube having a flow passage with an inlet, an outlet, and at least two electrodes 
connected to electrically conductive material of the capillary tube at spaced points 
along the flow passage between the inlet and the outlet. The flow passage is defined 
by the interior of the capillary tube, which is preferably made from an electrically 
conductive material such as stainless steel. A section of the capillary tube between 
the inlet and a first electrode constitutes a feed section, and a section of the capillary 
tube between the first and second electrodes constitutes a heated section. A voltage 
applied between the first and second electrodes generates heat in the heated section 
based on the resistivity of the stainless steel or other electrically conductive material 
forming the capillary tube, as well as the cross-sectional area and the length of the 
heated section. 
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[0017] An aerosol can be formed from a liquid using a heated capillary by 

supplying liquid under pressure to an upstream end of the flow passage at an inlet to 
the capillary tube, and passing the liquid through the feed section of the capillary 
tube into the heated section. When the liquid is flowing through the capillary tube, 
as it enters the heated section, initially the liquid is heated and heat transfer to the 
fluid from the heated capillary tube is high. As the heated liquid continues to move 
along the heated section toward the outlet or tip of the capillary tube, the liquid is 
converted to a vapor. The coefficient of heat transfer from the wall of the heated 
capillary tube to the vapor is low. As a result, the wall temperature of the capillary 
tube in the heated section toward the outlet or tip of the capillary tube increases 
relative to the upstream portion of the tube. However, if the electrode at the tip of 
the capillary acts as a heat sink, it may be more difficult to maintain the temperature 
of the vapor exiting from the tip of the capillary tube at the optimum temperature for 
producing aerosol having the desired aerosol droplet size. 

[0018] In order to improve the temperature profile of the capillary tube, the 

electrode at the downstream or exit end of the heated section according to an 
embodiment of the present invention is provided with a predetermined electrical 
resistance which causes the electrode to heat up when voltage is applied, and 
thereby minimize a temperature gradient between the wall of the capillary tube at 
the downstream end of the heated section and the downstream electrode. The 
electrical resistivity, cross-sectional area, and length of the electrode at the 
downstream end of the heated section can be selected to minimize or eliminate the 
above-mentioned temperature gradient and prevent the downstream electrode from 
acting as a heat sink, thereby minimizing loss of heat from the downstream end of 
the heated section. The electrical resistivity of the downstream electrode that 
achieves the optimum balancing of heat transfer along the capillary tube may be 
selected to accommodate changes in the thermal profile as a function of the desired 
flow rate of fluid and/or vapor through the tube. 
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[0019] By minimizing the loss of heat from the downstream end of the 

heated section, a desired exit temperature for the vapor leaving the heated section 
can be maintained without having to heat the fluid flowing through the intermediate 
portions of the heated section to as high a temperature as in the case where the 
downstream electrode conducts heat away from the tip of the capillary tube. This 
feature provides a significant advantage over a heated capillary tube where the 
downstream electrode has a very low electrical resistance. In a heated capillary tube 
where the downstream electrode has a very low electrical resistance, the electrode 
will have a temperature significantly lower than the temperature at the wall of the 
downstream end of the heated section of the capillary tube and can act as a heat 
sink. If the downstream electrode acts as a heat sink, more heat must be input to the 
liquid passing through the capillary tube in order to maintain a desired temperature 
for the vapor exiting from the capillary tube. The resulting high temperatures of the 
fluid passing through the capillary tube can possibly lead to thermal degradation of 
the fluid especially in the case of vaporizing medicated fluids. 
[0020] FIG. 1 shows an example of a fluid vaporizing device in the form of 

an aerosol generator 10 in accordance with one embodiment of the invention. As 
shown, the aerosol generator 10 includes a source 12 of fluid, a valve 14, a heated 
capillary passage 20, a mouthpiece 18, an optional sensor 15 and a controller 16. 
The controller 16 includes suitable electrical connections and ancillary equipment 
such as a battery which cooperates with the controller for operating the valve 14, the 
sensor 15 and supplying electricity to heat the capillary passage 20. In operation, 
the valve 14 can be opened to allow a desired volume of fluid from the source 12 to 
enter the passage 20, prior to or subsequent to detection by the sensor 15 of vacuum 
pressure applied to the mouthpiece 18 by a user attempting to inhale aerosol from 
the aerosol generator 10. As fluid is supplied to the passage 20, the controller 16 
controls the amount of power provided to heat the fluid to a suitable temperature for 
volatilizing the fluid therein. The volatilized fluid exits the outlet of the passage 20, 
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and the volatilized fluid forms an aerosol which can be inhaled by a user drawing 
upon the mouthpiece 18. 

[0021] The aerosol generator shown in FIG. 1 can be modified to utilize 

different fluid supply arrangements. For instance, the fluid source can comprise a 
delivery valve which delivers a predetermined volume of fluid to the passage 20 
and/or the passage 20 can include a chamber of predetermined size to accommodate 
a predetermined volume of fluid to be volatilized during an inhalation cycle. In the 
case where the passage includes a chamber to accommodate a volume of fluid, the 
device can include a valve or valves downstream of the chamber for preventing flow 
of the fluid beyond the chamber during filling thereof. If desired, the chamber can 
include a preheater arranged to heat fluid in the chamber such that a vapor bubble 
expands and drives the remaining liquid from the chamber into the passage 20. 
Details of such a preheater arrangement can be found in commonly-owned U.S. 
Patent No. 6,491,233, the disclosure of which is hereby incorporated by reference. 
If desired, the valve(s) could be omitted and the fluid source 12 can include a 
delivery arrangement such as a syringe pump, which supplies a predetermined 
volume of fluid to the chamber or directly to the passage 20. The heater can be the 
walls of the capillary tube defining passage 20, arranged to volatilize the liquid in 
passage 20. The entire wall of the capillary tube defining passage 20 can be made 
from an electrically conductive material such as stainless steel, so that as a voltage is 
applied to the tube, the tube is heated by the flow of electric current through the 
tube. As an alternative, the tube could be made from a non-conductive or semi- 
conductive material, such as glass or silicon, the tube including a heater formed 
from a resistance heating material such as platinum (Pt). 

[0022] In the case of manual operations, the sensor 15 can be omitted such 

as in the case where the aerosol generator 10 is operated manually by a mechanical 
switch, electrical switch or other suitable technique. Although the aerosol generator 
10 illustrated in FIG. 1 is useful for medical uses, the principles of the device can 
also be used in an application for vaporizing a fuel. 
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[0023] According to one aspect of the present invention, a capillary aerosol 

generator is formed from a tube made entirely of stainless steel or other electrically 
conductive materials, or a non-conductive or semi-conductive tube incorporating a 
heater formed from an electrically conductive material, such as platinum. Two 
electrodes are connected at spaced positions along the length of the tube, with a feed 
section being defined between the inlet end of the tube and the upstream electrode, a 
heated section being defined between the two electrodes, and a tip section between 
the downstream electrode and the exit end of the tube. The electrodes can be, for 
example, wire segments. A voltage applied between the two electrodes generates 
heat in the heated section based on the resistivity of the stainless steel or other 
material making up the tube or heater, and other parameters such as the cross- 
sectional area and length of the heated section. Fluid can be supplied to the aerosol 
generator, preferably at a substantially constant pressure and/or in a predetermined 
volume of fluid, from a fluid source upstream of the tube. The fluid passes through 
the feed section of the capillary tube between the inlet and the first electrode. As 
the fluid flows through the capillary tube into the heated section between the first 
and second electrodes, the fluid is heated and converted to a vapor. The vapor 
passes from the heated section of the capillary tube to the tip of the capillary tube 
and exits from the outlet end of the capillary tube. If the volatilized fluid enters 
ambient air from the tip of the capillary tube, the volatilized fluid condenses into 
small droplets, thereby forming an aerosol preferably having a size of less than 10 
/xm, preferably 0.01 to 1 /urn or 1 to 2 /-on. However, the fluid can comprise a 
liquid fuel which is vaporized in the tube and passed into a hot chamber in which the 
vapor does not condense into an aerosol. In a preferred embodiment, the capillary 
tube has an inner diameter of 0.1 to 0.5 mm, more preferably 0.2 to 0.4 mm, and 
the heated zone has a length of 5 to 40 mm, more preferably 10 to 25 mm. 
[0024] As fluid initially enters the heated section of the capillary tube, 

transfer of heat to the fluid is high because there is a relatively high heat transfer 
coefficient between the fluid and the wall of the tube. As the heated fluid continues 
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to move downstream along the heated section, the fluid is converted to a vapor. The 
heat transfer coefficient between the wall and the vapor is low. With less heat being 
transferred from the wall of the capillary tube to the vapor, the wall temperature of 
the capillary tube increases in the area containing vapor. 

[0025] The wall temperature at the downstream end of the heated section is 

preferably maintained at a desired temperature by providing a downstream electrode 
which minimizes heat loss. For example, heat can be prevented from being 
conducted away from the tube by the downstream electrode in the case where the 
downstream electrode is provided with a high enough electrical resistance to 
generate sufficient heat to maintain the downstream end of the capillary tube wall at 
a desired temperature, thereby minimizing a temperature gradient and hence the 
driving force for heat conduction. 

[0026] According to a first exemplary embodiment, as shown in FIG. 2, a 

capillary aerosol generator 20 includes a capillary tube 25 having an inlet end 21, an 
outlet end 29, and at least one upstream electrode 32 and one downstream electrode 
34 connected to the capillary tube at points 23 and 26, respectively, by known 
means such as brazing or welding. The electrodes 32, 34 divide the capillary tube 
into an upstream feed section 22 between the inlet 21 and the first electrode 32, an 
intermediate heated section 24 between the first electrode 32 and the second 
electrode 34, and a downstream tip 28 defined between the second electrode 34 and 
the outlet end 29 of the capillary tube. 

[0027] Fluid from a fluid source 50 is provided to the heated capillary tube 

through inlet end 21, e.g., fluid can be supplied in the form of a pressurized liquid. 
As the liquid passes through the capillary tube from the feed section 22 into the 
heated section 24, heat generated by passing an electrical current between the 
electrodes 32 and 34 is conducted to the liquid passing through the heated section. 
As the liquid continues downstream through the heated section, the liquid is 
converted to vapor by the input of heat. The heat transfer coefficient between the 
wall and the vapor is less than the heat transfer coefficient between the wall and the 
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liquid. Therefore, the downstream portion of the capillary tube closer to the 
downstream electrode 34 is heated to a higher temperature than a portion of the tube 
closer to the upstream electrode 32. In order to prevent the mass of the downstream 
electrode 34 from acting as a heat sink that would conduct heat away from the 
capillary tube, the downstream electrode 34 is made from an electrically resistive 
material that provides a desired downstream electrode temperature during the 
application of electrical current through the electrodes 32, 34. The electrical 
resistivity of electrode 34, along with other parameters including its cross-sectional 
area and length can be chosen in order to minimize any heat sink effect that the 
electrode 34 may have on the capillary tube. The selection of these parameters can 
be a function of the desired flow rate of fluid/ vapor through the capillary tube. At 
higher flow rates, more heat must be input to the heated section to maintain the 
desired exit temperatures for the vapor. Higher power input is required to maintain 
the preferred temperature profile as the flow rate is increased. Higher power 
requires a higher current in accordance with the relationship that power equals I 2 R. 
Higher electrical current is needed in the fluid channel because of the higher heat 
dissipation rate at higher flow rates. However, unless the resistivity of the 
downstream electrode is changed, the higher power input may result in too much 
heat being generated at the downstream electrode. Therefore, at higher flow rates 
through the capillary tube, the resistance of the downstream electrode may actually 
be reduced while achieving the desired temperature to avoid any temperature 
gradient between the downstream electrode and the downstream end of the capillary 
tube. Accordingly, the temperature profile of the capillary tube along the heated 
section can be controlled and excessive heating of the fluid/vapor passing through 
the heated section can be avoided. 

[0028] FIG. 3 illustrates a comparison of wall temperature profiles in an 

aerosol generator having electrodes of the same highly conductive material, and in 
the controlled temperature profile (CTP) aerosol generator according to the 
invention. The controlled temperature profile of the capillary tube along the heated 
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section enables maintenance of a desired exit temperature for vapor leaving from the 
tip of the tube without overheating the fluid/vapor upstream thereof. 
[0029] Another advantage that results from controlling the temperature 

profile along the capillary tube in medical applications is that the tip of the tube can 
more easily be maintained at a high enough temperature to optimize the formation of 
an aerosol with particles in the preferred range of less than 10 microns, preferably 
less than 5 microns in diameter, at which the particles in the form of droplets or 
solid particles are more effectively passed to the lungs of a user for delivery of 
medicaments. 

[0030] From the foregoing, it will be apparent that the electrical resistance, 

cross-sectional area and length of the downstream electrode can be varied to achieve 
the desired temperature profile along the heated section of the capillary tube, with 
the resulting operational temperature of the downstream electrode balancing the 
temperature of the capillary tube near the tip, and thereby substantially eliminating 
any heat sink effect by the downstream electrode. For instance, the downstream 
electrode can comprise a 5 to 7 mm section of stainless steel tubing attached 
between the capillary tube and a low resistance wire completing the circuit to the 
power supply. The electrodes can be connected to the capillary tube using 
conventional methods (e.g., metallurgical bonding) that may include, but are not 
limited to, brazing, welding, and soldering, or the electrodes could be formed 
integrally with the capillary tube. In implementing the capillary heater in an 
inhaler, the capillary tube is preferably insulated and/or isolated from ambient air 
and the vapor emitted from the capillary tube. For example, an insulating material 
or a metal foil, such as stainless steel foil, could be used to support the capillary tip 
within a mouthpiece such that the vapor exiting the capillary tube does not contact 
the outer surface of the capillary tube upstream of the metal foil. 
[0031] As described above, the capillary tube and the downstream electrode 

of the fluid vaporizing device each have an electrical resistance. For a given flow 
rate of liquid through the capillary tube, the resistance ratio, Rr, of the resistance of 
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the downstream electrode, Re, to the resistance of the capillary tube, Rc, (i.e., Rr = 
Re/Rc), can be adjusted to provide a desired temperature profile along the capillary 
tube, and a desired quality aerosol with the fluid vaporizing device. The upstream 
electrode preferably has a much lower electric resistance than each of the 
downstream electrode and the capillary tube. Accordingly, the resistance of the 
upstream electrode is not used in determining the resistance ratio Rr. The upstream 
electrode is preferably made of copper to provide low resistance. Other materials 
having low resistance can alternatively be used. 

[0032] The aerosol quality can be characterized in different ways. 

Particularly, the aerosol quality can be characterized by particle size "distribution of 
the aerosol, and/or % recovery of one or more components of the aerosol. 
Regarding the particle size distribution, the mass of aerosol particles having a size 
less than some selected size can be used to characterize the aerosol quality. The 
selected particle size can be, for example, a size that facilitates deep lung 
penetration. 

[0033] The aerosol recovery can be characterized by the "emitted dose," 

and/or the "respirable dose," of one or more component(s) of an aerosol. The 
component(s) can be one or more medicaments, for example. The "emitted dose" is 
defined herein as the ratio of the mass of the component(s) emitted by the fluid 
vaporizing device to a metered dose of the component(s) supplied to the capillary 
tube (i.e., emitted dose = [mass of component(s) emitted/metered dose] x 100). 
The "respirable dose" is defined herein as the ratio of the mass of aerosol particles 
smaller than a selected size, x, to the emitted dose (i.e., respirable dose = [mass of 
aerosol particles < x/emitted dose] x 100). 

[0034] In accordance with one embodiment, the fluid vaporizing device is 

provided with a predetermined resistance ratio Rr of the resistance of the 
downstream electrode to the resistance of the capillary tube. The resistance of the 
downstream electrode and/or the capillary tube can be adjusted relative to each other 
to achieve a desired temperature profile of the capillary tube during operation of the 
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fluid vaporizing device. The temperature profile can be monitored, for example, 
based on the uniformity of temperature at each location along the length of the 
capillary tube over time under operating steady state conditions, and/or on the 
period of time beginning from start up of the fluid vaporizing device to reach an 
operating temperature (e.g., a desired temperature of the tip). By controlling the 
temperature profile, it is possible to enhance aerosol formation and avoid thermal 
degradation of medicament to be aerosolized. 

[0035] According to an embodiment of the fluid vaporizing device, the 

resistance ratio Rr that provides a high quality aerosol varies with the flow rate of 
the liquid through the capillary tube. Particularly, the resistance ratio Rr 
corresponding to a high quality aerosol decreases as the liquid flow rate through the 
capillary tube increases. For example, for a stainless steel capillary tube and a 
stainless steel downstream electrode, Rr is preferably about 10% to about 15% for a 
liquid flow rate of about 5 fiL/sec, and about 7% to about 10% for a higher liquid 
flow rate of about 10 jiL/sec. 

[0036] The resistance ratio Rr can be varied by choice of resistance values of 

the downstream electrode and the capillary tube. For example, a predetermined 
value of the resistance ratio Rr can be achieved by providing a capillary tube having 
a selected resistance based on its composition and dimensions, and a downstream 
electrode having a certain resistance relative to the resistance of the capillary tube. 
The resistance R of a component of metallic material is given by: R = p ■ L/A, 
where p is the resistivity of the material, and L and A are the length and cross- 
sectional area, respectively, of the component. Accordingly, the length and/or 
cross-sectional area of the downstream electrode can be varied to provide the 
desired resistance of the downstream electrode, and thus the desired ratio Rr. For 
example, in order to decrease the resistance ratio Rr, the length L of the 
downstream electrode can be decreased, or its cross-sectional area A can be 
increased. Thus, depending on the desired flow rate through the capillary tube, the 
resistance ratio effective to provide optimal aerosol delivery can be achieved by 
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selecting suitable materials and/or dimensions of the capillary and downstream 
electrode. 

[0037] According to another embodiment, the downstream electrode is made 

of a material that has a resistivity that is higher at ambient temperature than the 
resistivity of the material of the capillary tube, and a substantially constant 
temperature coefficient of resistivity for the operating temperature range of the 
capillary tube. For example, the resistivity of the downstream electrode material 
can be substantially constant with respect to temperature up to at least about 100 °C. 
The resistivity, p, of a material is temperature dependent and is given by: p = p 0 (l 
+ a AT), where p 0 is the resistivity at a reference temperature, e.g., 20°C; a is the 
temperature coefficient of resistivity; and AT is the temperature difference between 
the reference temperature and a temperature of interest. 
[0038] A preferred material for the capillary tube is stainless steel. A 

preferred material for the downstream electrode is a nickel-base alloy sold under the 
brand NICHROME, a nickel-chromium alloy. A commercially available alloy sold 
under the brand NICHROME V contains, in weight %, 19 to 21% Cr, ^ 0.15% C, 
^ 1% Fe, <; 2.5% Mn, 0.75 to 1.6% Si, z 0.01% S, balance Ni; and commercially 
available alloy sold under the brand NICHROME 80/20 A has a nominal 
composition of 19.5% Cr, 0.40% Mn, 1.25% Si, 0.50% Fe, balance Ni. The 
NICHROME alloy has a higher ambient-temperature resistivity than stainless steel. 
In addition, the resistivity of the NICHROME alloy is substantially constant with 
respect to temperature; particularly the NICHROME alloy has a reported 
temperature coefficient of resistivity (TCR), a, of about 0.4 x 10 3 /°C. The 
NICHROME alloy can be heated up faster from ambient temperature than stainless 
steel due to the NICHROME alloy having a higher resistivity. Consequently, a 
steady state temperature can be achieved faster with the NICHROME alloy 
downstream electrode than for a stainless steel downstream electrode. By achieving 
a steady-state temperature faster at the downstream electrode, the tip of the capillary 
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tube can be more quickly heated to a desired temperature, which avoids overheating 
the vaporized liquid passing through the tip. 

[0039] According to a further embodiment, mass production of capillary 

heaters is facilitated by designing them with a predetermined "tuning range" as that 
term is defined herein. Due to variations in component materials and/or 
dimensions, challenges are presented in mass production of fluid vaporizing devices 
exhibiting desired performance characteristics. To address these challenges, it has 
been determined that desired performance characteristics can be achieved by 
manufacturing the fluid vaporizing devices with capillary tubes and downstream 
electrodes designed to be operated within a predetermined tuning range. 
[0040] During operation of fluid vaporizing device, the hot resistances of the 

capillary tube and the downstream electrode of the fluid vaporizing device provide a 
total resistance, Rt. For a fluid vaporizing device having a stainless steel capillary 
tube and stainless steel downstream electrode, the total resistance increases with 
temperature from the ambient temperature value, referred to herein as the "cold 
resistance," due to changes in the resistivity of the capillary flow tube and/or 
downstream electrode of the fluid vaporizing device. It has been determined that 
when such fluid vaporizing devices are heated to produce vaporized fluid, the tuning 
range for the fluid delivery device is the difference between Rmin and Rmax over 
which good quality aerosol can be produced. In manufacture of fluid vaporizing 
devices, it is desirable that the capillary tube and downstream electrode be designed 
such that the target resistance (hot resistance at which the fluid vaporizing device is 
operated) lies within the tuning range, i.e., the "target resistance" of the fluid 
vaporizing device. 

[0041] The values of Rmin and Rmax defining the tuning range for different 

fluid vaporizing devices may vary, for example, due to variations in the size of the 
downstream electrode, and/or the contact resistance of the connection between the 
downstream electrode and the capillary tube. For manufacturing purposes it is 
preferred that the tuning range for the fluid vaporizing devices be at least 10 mQ. 
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For example, a first fluid vaporizing device which supplies fluid at a predetermined 
flow rate can have an Rmin value of 800 mQ, an Rmax value of 810 mQ, and a 
tuning range of 10 mQ. The target resistance for such first fluid vaporizing device 
can be set at a selected value between 800 mQ and 810 mQ, e.g., at 805 mQ. This 
selected target resistance can be used as a manufacturing and operating specification 
for making and operating additional fluid vaporizing devices. Due to manufacturing 
tolerances, a second fluid vaporizing device may have, for example, an Rmin value 
of 795 mQ, an Rmax value of 805 mQ, and a tuning range of 10 mQ. If the second 
fluid vaporizing device is operated at the target resistance of the first fluid 
vaporizing device, i.e., 805 mQ, it will be capable of producing a good quality 
aerosol because the target resistance is within the tuning range. That is, the tuning 
ranges of the second fluid vaporizing device and the first fluid vaporizing device 
overlap each other and the target resistance. 

[0042] It is desirable for the fluid vaporizing device to have a broad tuning 

range for manufacturing purposes. By providing a broad tuning range over which 
good quality aerosol can be produced, manufacturing tolerances for the fluid 
vaporizing device can be less stringent, which can in turn reduce manufacturing 
costs. In a preferred embodiment, the tuning range is at least about 10 mQ, and 
more preferably at least about 20 mQ. By increasing the tuning range, fluid 
vaporizing devices can be manufactured with greater manufacturing tolerances and 
the ability to be operated at a target resistance, which can be preset over a desired 
range. 

[0043] FIG. 4 shows the relationship between the applied power and the 

target resistance for a fluid vaporizing device including a stainless steel capillary 
tube having a length of 35 mm, an internal diameter of 0. 18 mm, and a wall 
thickness of 0.0015 inch, and a stainless steel downstream electrode welded to the 
capillary tube. As shown in FIG. 4, the tuning range of the fluid vaporizing device 
is about 20 mQ. 
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[0044] The tuning range can be changed by varying the length of the 

capillary tube, which changes the resistance of the capillary tube. FIG. 5 shows the 
relationship between the tuning range and the length of the capillary tube for 
capillary tube internal diameters of 0.10 mm, 0.15 mm, 0.18 mm, and 0.20 mm. 
The aerosol is formed using a 5% weight/weight oleyl alcohol (OA) in propylene 
glycol (PG) liquid formulation. The data show that the tuning range can be 
increased by increasing the capillary length. For example, a capillary tube having a 
length of 35 mm has a tuning range of 20 mQ, while a capillary tube having a length 
of about 44 mm has a greater tuning range of 30 mQ. FIG. 5 also shows that the 
minimum length of the capillary tube to provide a good quality aerosol using the 
OA/PG liquid formulation is about 20 mm. 

[0045] FIG. 5 further shows that the internal diameter of the capillary flow 

passage does not significantly affect the tuning range at a given capillary length over 
the internal diameter range of 0. 10 mm to 0.20 mm. 

[0046] FIG. 6 shows the relationship between the tuning range and the 

length of the capillary tube for internal diameters of 0.10 mm, 0.15 mm, 0.18 mm, 
and 0.20 mm at a liquid flow rate of 5 /aL/sec, and for a capillary tube internal 
diameter of 0.20 mm at a liquid flow rate of 10 ^tL/sec. The aerosol is formed 
using a 5 % weight/weight OA in PG liquid formulation. The data show that at a 
flow rate of 5 ^iL/sec, a good quality aerosol can be produced with a 20 mm length 
capillary tube having various internal diameters. For the OA/PG liquid formulation, 
the minimum capillary tube length to produce a good quality aerosol at a liquid flow 
rate of 10 juL/sec is about 40 mm, while it is only about 20 mm at a lower liquid 
flow rate of 5 ^L/sec. 

[0047] According to another embodiment, the fluid vaporizing device is 

designed to locate the meniscus of the liquid in the capillary tube at a desired 
location along the length of the capillary tube. During operation of the fluid 
vaporizing device, liquid passing through the capillary tube is heated such that liquid 
is converted to vapor in the vicinity of the meniscus and vapor exits the outlet of the 
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capillary tube. The location of the meniscus of the liquid in the capillary tube can 
be controlled by varying the resistance target of the fluid vaporizing device. The 
location of the meniscus is defined herein as the furthest downstream location of 
liquid in contact with the inner surface of the capillary tube. Because the heat 
transfer coefficient between the capillary tube wall and vapor is low, the capillary 
tube downstream of the location of the meniscus can reach high temperatures 
resulting in overheating of the capillary tip. It is desirable that the meniscus be 
located close to the tip of the capillary tube to avoid overheating the capillary tip. 
The meniscus is preferably located upstream from the outlet to maximize vapor 
formation and minimize spraying of non-vaporized liquid from the outlet. 
[0048] FIG. 7 shows a relationship between meniscus location relative to the 

outlet of a capillary tube having a length of 35 mm and the resistance target during 
formation of an aerosol using a 5% weight/weight OA in PG formulation. The data 
show that the meniscus moves upstream (i.e., away from the tip) as the target 
resistance is increased. The target resistance range from 1.655 Q to 1.675 Q 
provides 20 mQ tuning range for the capillary tube over which a good quality 
aerosol is produced. The meniscus position from the outlet ranges from about 2 mm 
to about 5 mm over the tuning range. In a preferred embodiment, the meniscus 
position from the outlet is less than 5 mm, more preferably from about 2 mm to 
about 3 mm from the outlet. The ratio of the meniscus position from the outlet of 
about 2 mm to about 5 mm to the length of the capillary tube is from about 5% to 
about 15% of the capillary tube length of 35 mm. 

[0049] FIG. 8 shows a relationship between the meniscus position from the 

outlet of a capillary tube having a length of 44 mm and the resistance target during 
formation of an aerosol using a 5% weight/weight OA in PG formulation. The 
target resistance range of about 0.6685 Q to about 0.6985 Q represents a 30 mQ 
tuning range for the capillary tube. The meniscus position from the outlet ranges 
from about 4 mm to about 14 mm over the tuning range. In a preferred 
embodiment, the meniscus position from the outlet is less than 14 mm. The ratio of 
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the meniscus position from the outlet of about 4 mm to about 14 mm to the length of 
the capillary tube is from about 10% to about 30% for the capillary tube length of 
44 mm. 

[0050] Comparing FIGS. 7 and 8, a ratio of the meniscus position from the 

outlet to the length of the capillary tube of from about 5% to about 30%, or a 
meniscus position from the outlet of from about 2 mm to about 14 mm, provides a 
good quality aerosol for a capillary tube length of 35 mm or 44 mm. 
[0051] Increasing the tip temperature of the capillary tube causes the 

meniscus to move upstream. FIG. 9 shows that the tip temperature increases 
linearly with increasing resistance target. The tip temperature can be controlled by 
adjusting the resistance target in order to achieve an optimum location of the 
meniscus to produce a good quality aerosol and prevent superheating of the vapor. 
As described above, the resistance target can be adjusted by varying the resistance 
of the capillary tube and/or the downstream electrode. 

[0052] The material to be vaporized can be a solution, suspension, emulsion 

or gel. For solutions and emulsions, the effect of the position of the meniscus from 
the outlet on the mass median aerodynamic diameter (MMAD) of the aerosol varies 
depending on whether the carrier of the liquid formulation is a condensation carrier 
(e.g., PG), or a non-condensation carrier (e.g., alcohol). More particularly, for a 
condensation carrier, as the meniscus moves upstream in the capillary tube, the 
MMAD increases. In contrast, for a non-condensation carrier, the MMAD 
decreases as the meniscus moves upstream. 

[0053] While this invention has been illustrated and described in accordance 

with preferred embodiments, it is recognized that variations and changes may be 
made therein without departing from the spirit and scope of the invention as set 
forth in the claims. 



